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ABSTRACT 
 
MGAU is a software tool for conducting uranium enrichment measurements based on high-resolution gamma-
ray spectroscopy. The code is capable of analyzing spectra (90 – 120 KeV region) collected from a wide variety 
of sample geometries and compositions. The main advantage of the code is its ability to perform spectra 
evaluation without a requirement for calibration with representative standards. However, it does require that the 
daughter isotopes be in activity equilibrium with the 235U and 238U parent isotopes. In order for the code to be 
more versatile in overcoming its limitations, a modified version of the traditional “enrichment meter” method 
has been also added. In order to perform confirmatory uranium enrichment measurements for safeguards 
purposes at a laboratory environment, the Brazilian Safeguards Laboratory is investigating the performance of a 
nondestructive technique based on the use of the MGAU code for analyzing of gamma-ray spectra collected 
from pure uranium samples (primarily natural and low enriched powders and pellets). Several new good 
practice procedures were implemented in order to optimize the performance of the method at the best 
achievable level. This includes positioning of both the high-purity germanium detector and the sample inside a 
lead chamber for reducing background influence, collection of replicate measurements, and application of 
robust statistical treatment of data to reduce random contributions from counting statistics to the final 
uncertainty. Also, temperature and humidity inside the laboratory were monitored so that significant influences 
in results could be observed. Based on the results arising from analysis of certified reference materials, this 
paper discusses the performance of the MGAU code version 4.0 with focus on the uncertainties related to 
sample-dependent effects (mass, density, matrix composition and enrichment level). The reliability of the 
MGAU predicted uncertainty for single measurements and the occurrence of significant biases are evaluated 
and reported.  
 
 

1. INTRODUCTION 
 
In support to the Brazilian State System for Accounting and Control of Nuclear Materials, the 
Brazilian Safeguards Laboratory (LASAL) routinely performs qualitative and quantitative 
verification of nuclear materials handled in nuclear facilities in Brazil. This task includes the 
determination of 235U enrichment both in field and laboratory conditions. 
 
Nondestructive gamma-ray isotopic analysis is one of the most useful techniques for 235U 

enrichment measurements. There are currently several analysis codes available, which are 
suitable for this purpose. This is the case of the MGAU code [1], which is based on the high-
resolution gamma-ray spectroscopy using high-purity germanium detectors (HPGe). Several 
users are utilizing the software as a versatile measurement tool for field applications mainly 
due to the capability of analyzing gamma-ray spectra emitted by arbitrary samples without 
the need of previous calibration. In this operation mode, some important limitations are: the 
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need for samples to be in secular equilibrium with their daughter products (4 or more months 
after Th-U separation), not containing Pu and other radionuclides, and with maximum 
container gamma-ray attenuation equivalent to about 10mm of steel. 
 
With the useful capability of requiring no previous enrichment calibration, LASAL decided 
to investigate the performance of the MGAU code for analyzing gamma-ray spectra collected 
under laboratory conditions. From a previous study [2], it was estimated that the 
methodology is capable of achieving precision and accuracies of about 1% relative for 
enrichment measurements in low enriched (<5% 235U) uranium samples. The results 
presented in [2] took into consideration the use of a high-resolution detection system capable 
to achieving gamma-ray spectra resolution of about 750eV at 122keV, which is above the 
recommended limit of 600eV at 122keV. This parameter is critical for the method since it 
affects the software capability to separate several gamma-ray peaks within a narrow region of 
interest. 
 
Using an improved instrumentation, a planar HPGe detector model Canberra GL-0213R and 
a digital multi-channel analyzer model Canberra DSA-1000, it has been possible to collect 
uranium gamma-ray spectra with energy resolution of about 510eV at 122keV. In addition, a 
large quantity of data was collected (currently, more that 6000 spectra have been collected) 
for a robust statistical evaluation. As a consequence, a new evaluation of performance is 
being conducted. This report presents and discusses updated results from this study. 
 

2. MEASUREMENT PROCEDURES 
 
In order to establish a robust statistical treatment of the data, replicate spectrum acquisitions 
were conducted for each measured sample. The auto-cycle feature of the acquisition software 
(Canberra GENIE-2000) was used, without any sample or system changes between 
consecutive measurements. Individual 235U enrichment determinations were averaged over 
the multiple measurements within a cycle. Possible outliers were detected using statistical 
tests and excluded from the evaluated data. 
 
It was assumed that the standard deviation of the measurements within a cycle predicts the 
measurement precision arising from counting statistics for a single measurement, valid for a 
selected measurement condition. The mean of repeated measurements was compared to the 
certified value for the sample and then possible biases were determined. The standard 
deviation of the mean (standard error) was used to estimate the standard uncertainty of the 
mean. The collection of a large number of repeated measurements (about 420 total runs for a 
sample) permitted a comparison between uncertainties calculated by two different methods: 
the standard error from N repeated measurements versus the standard deviation from Y mean 
values, each one calculated from N repeated measurements. Eventual differences between the 
two methods might be caused by additional influencing factors, some of which are out of 
control and very difficult to quantify separately. This procedure provides for the estimation of 
the minimum uncertainty that could be quoted a priori for a set of measurements collected 
from a single sample. Similar interpretation comes from the between-sample variance from 
an analysis of variation calculation. 
 
The output of every MGAU measurement analysis includes a predicted value for the standard 
uncertainty, obtained from internal propagation of counting statistics uncertainties in the peak 
areas used in the analysis. The reliability of this prediction was evaluated by comparing it 
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with performance values arising from the statistical treatment of a large quantity of data 
collected under repeatability conditions. 
 
The planar high-purity germanium detector and the samples were placed inside a lead 
shielding chamber in order to minimize the influence of Background radiation. 
 
Traceable U3O8 powder certified reference materials (NBL Isotopic CRM 010, 015, 020, 030 
and 050, containing about 1g of total uranium each of 1%, 1.5%, 2%, 3% and 5% material) 
were used for ultimate bias determination. The low uncertainties associated to the certified 
values (<0.05%rel.) were disregarded due to their negligible magnitude compared with other 
uncertainties associated to the method. The CRM’s units, placed about 1cm far from the 
detector face, generated dead times not greater than 2%. Measurement counting times were 
set at 1 hour. 
 

3. RESULTS 
 
The plot in Fig.1 shows the observed statistical precision for 235U enrichment, calculated 
from the standard error of the mean of 420 repeated measurements taken from of a CRM, 
with 1h counting time for each measurement. This precision calculation cannot be assumed to 
be a general value since it reflects only a specific measurement configuration. However, it 
gives an idea on the influence of counting statistics on the uncertainty of final results 
(maximum 0.25%rel. precisions were found at low enrichments). 
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Fig.1: Observed Counting Precision for 235U enrichment – Mean Standard Error 

 
 
A better precision estimation can be obtained from the statistical evaluation of mean values, 
calculated from repeated measurements with the same number of runs (N). The standard 
deviation obtained from this set of values provides a precision estimation that could be 
quoted to any mean value obtained from N repeated measurements. Fig. 2 shows an example 
of relative precision values for different number of runs (N). From this plot, one can observe 
that the precision obtained from a long-term evaluation of mean is slightly smaller than the 
precision obtained from a single set of N runs, for high values of N. This may indicate that 
there are measurement variations that can be minimized when long-term data collection is 
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performed. In addition, precisions obtained from a single set of repeated measurements are 
subject to significant fluctuations. 
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Fig.2: Observed Precision at Different Number of Measurement (N) 

 
 
The influence of temperature and humidity on Non Destructive Assay (NDA) measurements 
is usually very important. In order to estimate this influence, two large sets of measurements 
were conducted and compared. The difference between the two conditions is the use of 
temperature and humidity control systems installed inside the measurement room. In Fig.3, 
one can observe a significant impact on the measurement precision, which was strongly 
degraded for larger measurement cycles (large N). It is clear from this plot that good 
temperature and humidity control systems must be used for an improved measurement 
performance. 
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Fig.3: Observed Precision Variation Caused by Temperature and Humidity Control 
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The prediction of precision in the MGAU code requires special attention. For single 
measurements, this is the only estimate the user has for the measurement precision. The plot 
in Fig.4 shows precisions (%RSD) obtained from a large number of repeated measurements 
and the value generated by MGAU (the average of output precision values for all of the 
measurements in the cycle was used in the plot). From this plot, one can observe that the code 
predicted a precision systematically higher than the value obtained from a robust statistical 
treatment of the data, i.e. the %RSD for the entire cycle. The lower the enrichment, the higher 
was this difference. For example, for CRM 010 (1% 235U) a difference of about 25% was 
observed (this is in agreement with values previously obtained [2]). However, for a reduced 
number of measurements in a cycle, the %RSD obtained was in many cases very close to the 
MGAU prediction. This indicates that the MGAU prediction for single measurements can be 
used when only one measurement is performed. For applications where large number of 
measurement is performed (typical in laboratories), precisions are better estimated from 
statistical evaluation of the data, as usual. 
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Fig.4: Comparison between Precision Estimates 

 
Finally, biases from every set of CRM measurements were calculated, based on the certified 
enrichment values. After calculating the average certified to measured ratio, it was obtained 
the value (0.9977 ± 0.0025). This indicates that no significant bias in the MGAU analysis was 
observed, for the measurement conditions under consideration in this study. 
 
 

4. CONCLUSIONS  
 
Performance values obtained during this work indicate that the use of MGAU for 235U 
enrichment measurements under laboratory conditions, associated with an improved high-
resolution gamma-ray spectroscopy system and a robust statistical treatment of data, is 
capable of achieving a final standard uncertainty of 0.5%rel. At this uncertainty level, the 
influence of temperature and humidity is significant and, therefore, the use of auxiliary 
equipment for temperature and humidity control in the room where measurements are 
performed is recommended. From Fig.1 and 2, we estimate that this performance can be 
achieved with about 2 days of repeated measurements, 1h counting time for every single 
measurement. 
 
It should be noted that the results presented in this report reflect only the measurement 
conditions above mentioned. However, since CRM´s with only 1g of total uranium were 
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used, we believe that conservative performance estimates were obtained. Usually, powder and 
pellet samples contain higher uranium mass and then counting statistics would automatically 
be improved. The authors are continuing to perform several additional tests, using different 
types of samples (UO2, UF6, U3O8 etc.), under variable measurement conditions (mass, 
geometry, counting time). This will support the ultimate validation of the analysis method and 
the establishment of a useful and cost-effective measurement tool for accounting and control 
of uranium inventories. 
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